The interaction potentials between the ground state S( 3 P) atom and rare gas atoms Rg ͑He, Ne, Ar, Kr, and Xe͒ in 3 ⌸ and 3 ⌺ Ϫ states are calculated ab initio using an unrestricted CCSD͑T͒ level of theory and extended correlation consistent basis sets augmented by bond functions. For NeS, the effects of extending the basis set, of a more accurate treatment of triple excitations within the coupled cluster method, and of the frozen core approximation are analyzed. The spin-orbit interaction is taken into account by the commonly used atomic model, whose validity is verified by the direct ab initio calculations of spin-orbit coupling matrix elements. The ab initio potentials are tested in the calculations of the absolute total scattering cross sections measured in molecular beams and compared with the potentials derived from the same data. This comparison, along with an analysis in terms of correlation formulas, proves the high accuracy of ab initio potentials and characterizes the sensitivity of scattering cross sections to the properties of interaction potentials. Both ab initio and scattering derived potentials are implemented in the study of inelastic fine structure transitions in SϩRg collisions. The relaxation rate constants are calculated and compared with those for OϩRg collisions.
I. INTRODUCTION
Studies of intermolecular interactions are important in order to understand transport and relaxation phenomena induced by collisions in the gas phase, to model the structure and dynamics of clusters and condensed phases, and to gain a deeper insight into the nature of the chemical bond.
The role of open-shell and fine structure effects ͑in particular the spin-orbit coupling͒ is central for processes such as collisional energy redistribution in plasmas, in discharges, in laser media. It is thus not surprising that several researchers focused their attention on the accurate description of interactions in systems involving open-shell atoms. The analysis of such interactions is of special interest because it allows one to investigate the open-shell anisotropy which manifests itself in the splitting of degenerate electronic states of the open-shell atom upon the interaction with an external particle. At large internuclear distances this splitting reflects mainly the nonspherical electron density distribution of a free open-shell atom. By way of contrast, factors of chemical nature ͑which may be related to electron charge-transfer stabilization pertinent to formation of the incipient chemical bond͒ determine the interaction anisotropy at short and intermediate distances. Systematic investigations of the various sources of anisotropies in such systems can thus bridge the gap between the van der Waals interaction and chemical binding, and provide a better understanding of how the chemical bond is formed.
There are several approaches to the accurate modeling of weak interatomic interaction potentials ͑here ''weak'' means between 0.1 and 10 kJ/mol-a few hundreds of wave numbers or less͒. On the experimental side, interaction potentials can be obtained from the analysis of cross section data from molecular beam scattering experiments. Differential and integral elastic cross sections, in particular if quantum interference effects are observed in a sufficiently wide collision velocity range, are very sensitive to the position of the repulsive wall, to the well region area, and to the long-range attraction. 1 As is well known, the potential well is deter-mined by a delicate balance between long-range attraction and short-range repulsion forces. For open-shell atoms the collision dynamics can be considered as governed by a manifold of coupled potentials, 2 and this may lead to some additional subtleties in the analysis of the experimental results. A statistical distribution of the internal states of the open-shell species has been usually assumed in the analysis of scattering experiments. 3, 4 A more sophisticated alternative involves the use of state selection techniques: magnetic field analysis 5 represents a most advanced tool among the approaches used so far. Recent examples, pertinent also to the present study, have included the accurate experimental determination of O( 3 P j ) -Rg, 6 F( 2 P j ) -Rg, 7, 8 and Cl( 2 P j ) -Rg ͑Ref. 9͒ interactions ͑with RgϭHe, Ne, Ar, Kr, and Xe͒.
Spectroscopic measurements provide complementary information on the interaction potentials for weakly bound systems, usually in the region of the potential well. They can encounter difficulties when applied to studies of the lower lying electronic states in the diatomic complexes involving open-shell atoms. Due to the weak binding, it is difficult to generate the species in concentrations high enough to obtain well-resolved excitation spectra. Measurements of boundfree laser induced fluorescence are more instructive in this context ͑see, e.g., Refs. 10-12͒. However, selection rules do not usually allow the experiments to probe all the states correlating with the first dissociation limit, and therefore the anisotropy of interaction cannot be investigated in full details. Very accurate potentials have also been obtained from the analysis of microwave spectra for dimers involving openshell cations ͑see, for example, Ref. 13͒, but only for the ground electronic states. Photoelectron spectroscopy of weakly-bound anions is yet another powerful alternative, especially the high-resolution zero electron kinetic energy ͑ZEKE͒ spectroscopy ͑see, e.g., Refs. 14 -16͒. Because of the higher binding energy of anions and less strict selection rules, this approach is very promising and should be widely explored in the near future.
Since each experimental technique usually gives information limited to specific ranges of intermolecular distances and energies, the best atom-atom interaction potentials so far are those obtained by a multiproperty fit to various experimentally measured properties. 8, 9, [17] [18] [19] One important direction is the implementation of empirical or semiempirical approaches which allows one to predict the binding properties of a system from the known properties of its fragments or analogous systems, often combining experimental information and theoretical considerations. [20] [21] [22] [23] [24] Indeed, a current issue of modern quantum chemistry is to assess how accurately the interaction potentials of weakly bound complexes can be computed by means of various methods of electronic structure theory.
Regarding the computation of interaction potentials from first principles, the calculations for weakly-bound open-shell systems are still considered as the state-of-the-art level of ab initio theories, 25 although many authors proved them to be feasible and accurate for a number of systems. In particular, recent highly accurate ab initio studies have been devoted to systematic analysis of RgCl ͑Refs. 26, 27͒ and RgO ͑Refs. 28 -30͒ neutrals and anions. 27, 28, 31 Interaction potentials calculated in these works have been carefully tested against available experimental data, including the beam scattering and anion photoelectron ZEKE spectroscopy.
In the present paper we extend the application of the ab initio approach to RgS systems. The only experimental source of information on the interaction potentials of rare gas sulfides are the total integral scattering cross sections measured recently from molecular beam scattering for all Rg atoms except He. 32 These data have been analyzed in order to obtain the interaction potentials ͑hereafter referred to as scattering potentials͒. Previous ab initio calculations for the heavy KrS ͑Ref. 33͒ and XeS ͑Ref. 34͒ systems have been mainly designed to treat the states correlating with excited atomic limits and do not provide an accurate description of low-lying electronic states. Only very recently reliable ab initio HeS potentials have become available. 35 The purposes and plan of the present paper are: ͑i͒ to evaluate accurate ab initio potentials for RgS systems ͑Rg ϭHe-Xe͒ and to test the accuracy of the atomic model for spin-orbit coupling ͑Sec. II͒; ͑ii͒ to test the accuracy of the ab initio potentials on the scattering data ͑Sec. III͒; ͑iii͒ to compare the main features of the ab initio results with the potentials determined both by direct fitting the scattering data 32 and by means of the empirical correlation formulas recently developed 23, 24 ͑Sec. IV͒; ͑iv͒ to investigate the dynamics of intramultiplet mixing in RgϩS( 3 P j ) inelastic collisions and to make a qualitative comparison with the results obtained previously for the RgϩO( 3 P j ) collisions 29, 30 ͑Sec. V͒. Conclusions follow in Sec. VI.
II. CALCULATION OF THE AB INITIO INTERACTION POTENTIALS

A. Ab initio and fitting procedures
In the nonrelativistic approximation, the interaction of an S( 3 P) atom with a rare gas atom gives rise to two states of 3 ⌸ and 3 ⌺ Ϫ symmetry, whose potentials are designated as V ⌸ and V ⌺ . Their electronic configurations are p x 2 p y 1 p z 1 and p x 1 p y 1 p z 2 , respectively. The z axis is oriented along the Rg-S direction, so in the ⌺ state the Rg atom sees a doublyoccupied p-orbital, allowing a two-electron, closed-shell-like contact; to a first approximation, the interaction in this case can be considered as a purely van der Waals bonding between two closed-shell atoms. On the contrary, in the 3 ⌸ state the Rg atoms make a one-electron open-shell contact with the singly occupied p-orbital of sulfur atom. Electron transfer leading to the stabilizing contributions from incipient bonding or charge transfer takes place. This chemical stabilization increases the 3 ⌸ interaction energy and, in addition to the nonspherical electron density distribution of the sulfur atom affecting the long-range van der Waals interaction, is a main source of the interaction anisotropy, defined as the difference between 3 ⌸ and 3 ⌺ Ϫ potentials. To calculate the potentials, the supermolecular approach is used. The interaction energy between sulfur and Rg ͑Rg ϭHe, Ne, Ar, Kr and Xe͒ atoms is expressed as
where E RgS is the energy of the dimer, E Rg DCBS and E S DCBS are the energies of the monomers calculated with the dimercentered basis set ͑DCBS͒ and R is the internuclear distance. The interaction energies are corrected for the basis set superposition error ͑BSSE͒ by using the counterpoise procedure of Boys and Bernardi. 36 Calculations of the nonrelativistic potentials are performed with augmented correlation consistent quadrupole zeta basis sets aug-cc-pVQZ ͑hereafter, VQZ͒ augmented by the ͓3s3 p2d͔ set of the bond functions. The bond functions are centered at the midpoint between the sulfur atom and the rare gas atom and have the exponents sp: 0.9, 0.3, 0.1; d: 0.6, 0.2. The resulting basis set is denoted by VQZϩ332. In the case of the XeS system, the relativistic effective core potential ECP46MWB for the Xe atom and the VQZ basis set for the S atom with the same 332 bond functions are employed.
The post-Hartree-Fock interaction energies are obtained at the unrestricted coupled cluster UCCSD͑T͒ level of theory, based on the single reference RHF wave function, as described in Refs. 37 The most accurate scattering data are available for the NeS system. 32 Therefore, we present a more extensive ab initio analysis for this system. First, we use an extended aug-cc-pV5Z basis ͑V5Z͒ supplemented with a larger ͓3s3 p2d2 f 1g͔ set of bond functions with the exponents ͑sp: 0.9, 0.3, 0.1; d f : 0.6, 0.2; g: 0.3͒. This basis set is denoted by V5Zϩ33221. Second, another version of the coupled cluster method is applied, including triples at the fourth order, UCCSD͓T͔, 39, 40 with the same V5Zϩ33221 basis set. Finally, the calculations which correlate all shells of Ne and S except for only the innermost 1s orbitals are performed. This calculations are referred to as UCCSD͓T͔/fc(1s)/V5Zϩ33221.
The electronic structure calculations are performed with the MOLPRO2000 suite of programs. 40 The ab initio points for both the 3 ⌸ and 3 ⌺ Ϫ states are fitted by the analytical expression of the Degli Esposti-Werner-type, 42 composed from the short-range term (V sh ) and the asymptotic long-range part (V as ),
where
The long-range part is represented by the damped dispersion term,
The nonlinear ␣, ␤, ␥, ␦ and the linear g l and C i parameters are optimized using the Levenberg-Marquardt leastsquare algorithm with no constraints imposed. It turns out that whereas the lower C i coefficients (iϭ6, 8, 10) account essentially only for dispersion and induction van der Waals interaction, the C 12 term contributes to repulsion ͓remember that the 1/R 12 dependence has been efficiently employed to model repulsion in the classic Lennard-Jones ͑12-6͒ potential͔. The maximum root-mean-square ͑RMS͒ error is 0.05 cm
Ϫ1
, and the RMS error averaged over the internuclear distance does not exceed 0.03 cm Ϫ1 . The Fortran code that generates the potentials is available from the authors upon request, as well as the one generating the ''scattering'' potentials, to be encountered below.
B. The interaction potentials
The scattering and the ab initio V ⌺ and V ⌸ potentials are shown in Fig. 1 , while their zero points, equilibrium distances, and well depths are collected in Table I .
In general, the ab initio data for Rg from Ne to Xe fall within the error bars of the scattering experiments. 32 For all Rg atoms except Ar, the agreement is markedly better for the excited 3 ⌺ Ϫ state than for the ground 3 ⌸ state. The ab initio calculations for the ground state generally lead to shorter equilibrium distances and smaller interaction energies, with the exception of the XeS system. The ab initio potentials of the excited states also have slightly shorter R e but their D e values are in excellent agreement with experimental data except for the ArS system. Extended calculations for NeS indicate that the UCCSD͑T͒/VQZϩ332 calculations are not fully converged with respect to either the basis set size or the level of correlation treatment ͑although the convergence error is only of the order of 5%͒. Interestingly, all factors ͑the use of extended basis set, the implementation of the UCCSD͓T͔ method, and the account for the correlation of inner shells͒ increase the binding energy in the 3 ⌸ state improving the agreement with the scattering data. The same holds true for the 3 ⌺ Ϫ state, but the net effect is much less significant. At the same time, the improvements of the ab initio calculations systematically shorten the equilibrium distances in both electronic state, increasing the deviation from the experimental results. The effect of the basis set size is most significant. The ab initio results of Partridge et al. 35 obtained at the UCCSD͑T͒/VQZϩ33211 level of theory for HeS are also presented in Table I . They are in excellent correspondence with the present UCCSD͑T͒/VQZϩ332 ones indicating that the augmentation of atom-centered part of the basis ͑from VQZ to V5Z͒ is presumably more important than the augmentation of the bond function set ͑from 332 to 33211͒.
It is also instructive to compare qualitative trends in the sequence of Rg atoms. According to our ab initio calculations, HeS is a distinct system with relatively large equilibrium distances R e in both electronic states. Indeed, passing to Ne, one observes a significant reduction of equilibrium distance which then monotonically increases from Ar to Xe. The same trend is shown by the scattering potentials. The interaction anisotropy, taken as the difference between V ⌸ and V ⌺ potentials, also increases from He to Xe.
Recent ab initio studies of Rg-open shell interactions by Burcl et al. 26 and by Buchachenko et al. 28 contributed to elucidate the nature of the Rg-atom potentials. The anisotropy of such interactions is related to different orientations of the open-shell moiety's singly-and doubly-occupied orbitals with respect to the Rg atom; we refer to them as the pairelectron contact and the single-electron contact. The pair electron contact results in the binding that is characteristic for the interaction of closed-shell species, such as that arising between two Rg atoms. The single-electron contact, however, reveals a substantially stronger attraction.
Ab initio calculations of RgCl ͑Refs. 26 and 27͒ and RgO, RgO Ϫ interactions 28 by means of combined supermolecular and perturbation theory approaches provided direct and explicit evaluation of the fundamental components of the binding energy: induction, dispersion, and exchangerepulsion. In particular, they enabled to find out which of these components determines especially strong stabilization of the single electron contact. First, it should be noted that the long-range induction component ͑determined by the interaction of the quadrupole of open-shell moiety with the induced dipole at the Rg atom͒ is practically negligible. Although its relative anisotropy is large-asymptotically of the order of 70%-yet the induction effect decays as 1/R 8 and as a whole is quantitatively negligible.
Second, only a small portion of the stronger binding may be attributed to a larger van der Waals attraction-a greater dispersion effect. The dispersion anisotropy may be approximately related to the anisotropy of the static dipole polarizability of the open-shell. Asymptotically, the effect decays as 1/R 6 and the anisotropy is, for the RgCl and RgO dimers, of the order of 10% only.
The decisive factor is the anisotropy of the short-range repulsion, the component often referred to as the exchangerepulsion or Heiltler-London exchange. In the van der Waals minimum region, for the single-electron contact the exchange repulsion is reduced by a factor of 2 in comparison to a pair-electron contact in all complexes studied so far by the ab initio method, RgCl and RgO, RgO Ϫ . The HeiltlerLondon exchange is due to such quantum mechanical features as delocalization of the electrons and their indistinguishability. It corresponds to ''resonance'' integrals in the Pauling description of chemical bonds and is related to the Pauli principle.
In the molecular orbital ͑MO͒ language in terms of occupation of bonding and antibonding orbitals, one may bring the example of the He 2 complex and of the He 2 ϩ molecule. He 2 is a model for a pair-electron contact, where the stabilizing effect of two electrons sitting on bonding orbitals is fully canceled by the destabilizing effect of a two electrons sitting on antibonding orbitals. In the He 2 ϩ molecule, a model of a single-electron contact, only half of the binding effect is cancelled. One may say that an incipient, single-electron, chemical bond is created.
The different nature of the 3 ⌺ Ϫ and 3 ⌸ states of RgS is demonstrated in Fig. 2 , where reduced potentials for ArS 3 ⌸ and 3 ⌺ Ϫ states are plotted along with the V 0 isotropic part and the reduced potential of the Ar dimer from Ref. 18 . The reduced potentials are derived by representing the potential curves V(R) in the R e and D e units: V(x)/D e with x ϭR/R e . According to the principle of corresponding states ͑see, e.g., Ref. 41͒ the reduced potentials should be identical, that is the interaction should be described by the same dimensionless universal function, when the nature of the interaction is the same. One can see that the V ⌺ potential closely follows the Ar dimer potential, corroborating a similar nature of both. By way of contrast, in particular in the repulsive region ͓see Fig. 2͑c͔͒ , the V ⌸ potential is distinctly different. It is worthwhile to note that all RgS V ⌺ and all RgS V ⌸ potentials, if drawn in the same Fig. 2 , would practically coincide with the ArS V ⌺ potential and ArS V ⌸ potential, respectively.
An alternative formulation of the short-range electronic energy distribution has been recently set forth by Pirani et al. 24 who linked the enhanced binding of the Rg-open-shell interaction with the nonresonant charge-transfer, and the coupling between diabatic covalent and ionic states. This model was proved to provide reasonable estimates of the anisotropy of the interaction at short range and will also be successfully used later in Sec. IV. The incipient bond is here attributed to the additional stabilization due to electron-transfer and to the resulting contribution from anion-cation interaction.
It should be stressed that both the MO approach of the ab initio calculations and the description in terms of covalent and ionic states originating from the valence bond ͑VB͒ theory are equivalent if the wave function expansion is elaborate enough, that is, if it is carried out beyond the HF level of theory within the MO framework, and includes a variety of covalent and ionic structures within the VB theory. The power of the molecular orbital method is its highly advanced computational technology. The usefulness of the valence bond approach is in its transparent relationship to the intuitive physical picture of the interaction, and the possibility of direct reference to monomer properties: polarizabilities, ionization potentials, electron affinities, etc., an indispensable prerequisite to establish empirical correlation relationships.
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C. Atomic model for the spin-orbit coupling
Spin-orbit interaction determines the mechanism of inelastic intramultiplet mixing, and is known to severely affect 43 is to introduce an approximate spinorbit Hamiltonian with only the contribution from the isolated atom,
where L and Ŝ are the orbital and spin electronic angular momenta of the openshell atom, respectively. The spin-orbit constant a is related to the spin-orbit splittings of the atomic level ⌬ j , so that the energies of excited atomic sublevels j ϭ1 and jϭ0 with respect to the ground jϭ2 sublevel are ⌬ 1 ϭ2a, ⌬ 0 ϭ3a. The matrix elements of the spin-orbit Hamiltonian ͑5͒ can be easily obtained using the atomic electronic functions in the Hund case ͑a͒ representation. The diagonalization of the total ͑electrostatic plus spin-orbit͒ Hamiltonian matrix gives a set of six relativistic adiabatic potentials, while its transformation to the Hund case ͑c͒ basis gives the relativistic Hamiltonian matrix in the diabatic representation which is suitable for studying inelastic collisions. The analytical expressions for Hamiltonian matrices in the diabatic and adiabatic representations in terms of V ⌺ , V ⌸ , and atomic spin-orbit splittings ⌬ j relevant to the Rg-S( 3 P j ) systems can be found in Refs. 28, 29, 44 -47. The deviation from the atomic model may occur in the short-range interaction region due to mixing with upper electronic states or due to the failure of the approximation ͑5͒. In order to verify the validity of the atomic model, direct calculations of the spin-orbit coupling matrix elements between the 3 ⌸ and 3 ⌺ Ϫ states of the NeS and XeS have been performed using the method of diagonalization of the Ĥ el ϩĤ SO operator 48 which is implemented in the MOLRPO2000 suite of programs. 40 The Ne and S atoms are described using the uncontracted VQZ basis set, while for the Xe atom we adopt the pseudopotential Stuttgart ECP46MWB(spd f ) basis set. The complete Breit-Pauli spin-orbit Hamiltonian (Ĥ SO ) is expressed in the basis of adiabatic states of the Ĥ el Hamiltonian. In the case of NeS, only two states correlating with the 3 P state of the sulfur atom are included in the diagonalization procedure. For the XeS system, this basis set is also augmented by the states correlating to the 1 S and 1 D states of the sulfur atom.
Asymptotic values of the spin-orbit coupling matrix element are equal to 193.1 and 194.5 cm Ϫ1 for the minimum and extended bases of the adiabatic states, respectively. The corresponding splittings are ⌬ 1 ϭ386.2, ⌬ 0 ϭ579.3 cm Ϫ1 , and ⌬ 1 ϭ389.0, ⌬ 0 ϭ583.5 cm Ϫ1 , respectively. The effect of coupling with the states correlating to excited atomic limits is small, but brings the atomic splittings to better agreement with experimental data ͓⌬ 1 ϭ396.2, ⌬ 0 ϭ573.4 cm Ϫ1 ͑Ref. 49͔͒. The calculated spin-orbit matrix elements are plotted in Fig. 3 .
The matrix elements are almost independent of the interatomic separation down to relatively short internuclear distances and then show a rapid decrease. For NeS, this decay occurs at a rather small distance, well outside the region of importance for collision dynamics. However, for XeS the short-range deviation from the atomic model starts in the neighborhood of R values corresponding to the zero of the 3 ⌸ potential. The test calculations performed with the ab initio R-dependent couplings demonstrate that this does not effect significantly the results of the scattering calculations discussed below. However, it should be noted that such a deviation from atomic approximation can be quite important for high-energy collisions, which probe the repulsive part of the interactions.
III. ANALYSIS OF TOTAL SCATTERING CROSS SECTIONS
A. Methods of calculation
The theory needed to interpret the experimental scattering results and obtain information on the involved interaction potentials has been described 44, 45, 50 and reviewed 2 elsewhere. Therefore only the aspects relevant to present purposes will be summarized below.
For the analysis of scattering experiments it is most natural to represent the interaction between a P-state atom ͑such as sulfur in its ground state͒ and a 1 S rare gas atom in terms of two R-dependent functions, the spherical V 0 (R) and anisotropic V 2 (R) components of the electrostatic potential. They are related to the more familiar V ⌺ (R) and V ⌸ (R) potential curves considered in the previous section by 44, 45, 51 
or inversely,
The usefulness of this representation derives from separation of the interaction energy into an isotropic and an anisotropic components, V 0 and V 2 , respectively.
To calculate, from given V 0 and V 2 , absolute total scattering cross sections ͑ATCS͒ we use the same approach which was implemented for the analysis of molecular beam measurements in Ref. 32. In the low collision energy range, the scattering involves only the manifold of electronic states correlating with the ground atomic levels 3 P j of the open-shell sulfur atom, and therefore only the fine-structure components and the centrifugal potential couplings are added to provide full potential energies in a multichannel Schrödinger equation. For a sufficiently high spin-orbit splitting, as in the case of sulfur, the centrifugal component in the potential energy matrix essentially reduces to a diagonal term ͓Hund's cases ͑c͒, at long-range, and ͑a͒, at short-range 2, 44, 45 ͔ and collisions can be considered to take place along six relativistic adiabatic potentials V j,⍀ ͑⍀ being the projection of j along the internuclear axis͒. These terms are obtained by diagonalization of the potential energy matrix which includes electrostatic and atomic spin-orbit components but neglects centrifugal couplings. The curves V j,⍀ are represented by a proper combination of V 0 , V 2 and fine structure component terms. 32 ATCS for each potential V j,⍀ are calculated using the semiclassical 53 and exact quantum approaches as a function of the center-of-mass velocity. We have found that both methods led to essentially the same results and thus in the following we present only the semiclassical calculations.
The measured cross section Q(v), in the adiabatic representation, is given as a weighted sum of cross sections for scattering by each of the adiabatic potentials. In these experiments, the sublevels of sulfur atoms have been assumed to be populated according to their degeneracies. 32 After the summation, the total ATCS is transformed to the laboratory frame to account for spreading of the laboratory velocity of the sulfur beam and the thermal motion of the rare gas target.
The long-range part of the V 0 component of the interaction is directly probed in the experiments, because of the accurate calibration of the absolute value of the cross sections ͑within an uncertainty on the leading long-range coefficient of about 7%͒. Indeed, the absolute value of the elastic cross section is determined mainly by the C 6 coefficient and only to a minor extent by higher order terms, whose effect is attenuated in the distance range probed by the experiment. Accordingly, the analysis of the experimental data 32 has been made in term of an ''effective'' long-range coefficient which includes also the higher order contributions and therefore is expected to exceed the calculated C 6 coefficient by ϳ20%.
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The experimental effective long-range coefficients refer to the spherical interaction, the absolute value of the cross section being uneffected by the anisotropy. Therefore, it is possible to compare the calculated ab initio long range part of the S-Rg interaction with the experimental cross section data, by fitting the behavior of the calculated potentials, in the long range, with a flexible functional form including contributions from terms of higher order than C 6 . In this way it has been possible to improve the calculated cross sections, including the C 8 contribution, with the use of the FontanaBernstein model 54 and to make a direct comparison with the experiments. The results are very satisfactory for the NeS and ArS cases, while for KrS and XeS they suggest that the long range average attraction in the ab initio calculations is overestimated by ϳ10%.
B. Comparison with experimental data
The ATCS calculated using the ab initio potentials for the NeS system are reported in Fig. 4 together with experimental data, as a function of the sulfur beam velocity. Figure  5 illustrates the cases of ArS, KrS, and XeS collisions. In the same figures the results using the scattering potentials ͑solid lines͒ obtained by a direct best-fit analysis of the experiments 32 are also reported.
The overall performance of the ab initio potentials is very good; for all systems, they reproduce both the magnitude and the qualitative structure of glory undulations. However, there are some quantitative differences. They deserve a special discussion in order to shed light not only on the quality of the ab initio calculations but also on the sensitivity of the scattering cross sections to specific features of the interaction potentials.
The experimental data for the NeS case characterize mainly V 0 (R), the isotropic part of the interaction. 32 The ab initio potentials underestimate ATCS at high energies and do not reproduce the position of the glory maximum. This is due to the underestimation of the ''area'' of the well of the V 0 component of the interaction ͑roughly the well depth times the well location͒. In the case of the less advanced calcula- FIG. 4 . Experimental absolute total cross sections for the S( 3 P j ) -Ne system. Calculated cross section using a best fit scattering potentials ͑solid line͒ and the ab initio potentials evaluated with different basis sets are also reported.
FIG. 5. Experimental absolute total cross sections for the S(
3 P j ) -Ar, Kr, and Xe systems. Calculated cross section using a best fit scattering potentials ͑solid line͒ and the ab initio potentials are also reported.
tions the underestimation of the well area is of the order of 15%. However, it follows from Fig. 4 that more extensive ab initio calculations give a larger well area and a better agreement with experimental data.
The glory pattern is reproduced quite well for the ArS and KrS systems, despite the overestimation of the ATCS in the latter case. This is an indication that for KrS the ab initio calculations overestimate the long range attraction.
For XeS, the performance of the ab initio potentials is less impressive ͑but still acceptable in view of the system size and the large uncertainty of the measured data͒. The predicted frequency of glory oscillations is too high and their amplitude is too large. This is probably due to the overestimation of the well depth of the 3 ⌸ potential or, in other words, to the overestimation of the anisotropic V 2 component of the interaction.
IV. COMPARISON OF AB INITIO AND SCATTERING POTENTIALS
The V 0 and V 2 potentials obtained from the best fit to the experimental data and by combining the ab initio V ⌸ and V ⌺ potentials with Eq. ͑5͒ are compared in Figs. 6 and 7, which show an overall satisfactory agreement. Table II reports the main characteristics of the V 0 and V 2 interaction potentials. Features such as well depths D e and their locations R e ͑see Table II͒ are seen to regularly increase from NeS to XeS, confirming general trends previously observed for the interactions of O, 6 F, 7 and Cl ͑Ref. 8͒ with rare gases. A comprehensive analysis 23 of the large amount of data presently available for the V 0 (R) interaction, for a variety of systems, consistent 52 with the concept of corresponding states already encountered in Sec. II B, have allowed us to characterize the nature of this component, in the neighborhood of the potential minimum and at long intermolecular distances, as basically due to forces typical of van der Waals interactions. The agreement shown in Table II for D e and R e parameters obtained by the ab initio and scattering V 0 potentials and those calculated from formulas in Ref. 23 can be taken as a further strong evidence that the spherical V 0 interaction term, at intermolecular distances comparable with R e or larger, shows the features of a typical van der Waals potential, for which the empirical correlation formulas 23 have been developed and verified.
The observed trend in the V 2 anisotropic term ͑Fig. 7͒ also indicates that its role increases from He to Xe. The increase in the differences between V ⌸ and V ⌺ potentials cannot be explained on the basis of the interaction anisotropy of the van der Waals-type, as already discussed in Sec. II B. Table II reports the values of the V 2 term at the distance R ϭ, where the V 0 term is zero. The choice of this particular reference distance is motivated by a recent analysis of the correlation between bond stabilization in open-shell systems and the parameters describing charge transfer effects. 24 Relevant information on this interaction was obtained by the analysis of bond stabilization in halides, oxides, sulfides, and ionic dimers of rare gases. Most of this information comes from recent molecular beam experiments and leads to the characterization of the dependence of the charge-transfer matrix element on basic physical properties of the interacting partners. The magnitude of the coupling matrix element was correlated to properties of the individual interacting partners such as polarizabilities, charges, electron affinities, and ionization potentials. We include in Table II the results of Ref. 24 . As already anticipated in Sec. II B, being based on the valence bond theory, this approach gives an intuitive physical picture of the interaction and suggests that the stabilizing contribution to the bond depends on the energy separation between ionic and covalent states; its observed increase from He to Xe can indeed be correlated with the decreasing ionization potential of the rare gas partners. Interestingly, while for the heavier rare gases the various methods give results in a qualitative good agreement, for NeS the agreement is not satisfactory, and for HeS a difference by a factor of 2 is found between the ab initio and the correlation formula values. This may be an indication that chemical stabilization and polarization anisotropy effects play a comparable role in the HeS systems since the empirical correlation formulas neglect any contribution coming from the anisotropy of polarizability of the sulfur atom ͑responsible for the anisotropy of the van der Waals interaction component͒. This is reasonable since for He one can expect the largest relative van der Waals anisotropy because of the smallest ''size'' of the the atom, which has not only the smallest polarizability but also the highest ionization potential ͑and thus the smallest chemical stabilization by electron transfer͒. To some extent a similar argument also pertains to Ne, for which some disagreement is observed, too.
It is also interesting to determine how the potential component V 2 derived from different sources deviates from the principle of corresponding states. 41 Following this principle, in the ideal case, the ratio of V 2 () and D e should be constant for different rare gases. These ratios are given in Table  II . One can see that both ab initio and scattering results provide fairly consistent values of V 2 (). The correlation formulas work also well except for He and Ne, in accord with the above discussion.
V. INTRAMULTIPLET TRANSITIONS IN Rg¿S COLLISIONS
Despite the lack of experimental data, the investigation of the collision-induced transitions between the jϭ0, 1, and 2 levels of the 3 P j multiplet in sulfur atoms are of both methodological and practical interest. Inelastic transitions in the RgϩX( 3 P) collisions have been studied in several works, see, e.g., Refs. 29, 30, 44 -47, 55 . It is well known that the electrostatic interaction which preserves the bodyfixed projection ⍀ of j ͑and simultaneously of the total angular momentum J͒ couples the jϭ0, 2 and jϭ1, 2 pairs of levels. The corresponding transitions are therefore allowed in the zero-order approximation. The third jϭ0→ jϭ1 transition is often termed as ''forbidden,'' because the direct coupling between these levels vanishes. This transition is assisted by Coriolis interaction which couples the ⍀ components within the same j manifold. Recently, we have shown that the forbidden transition proceeds through a complicated postcollision relaxation involving sequential transitions induced by both electrostatic and Coriolis couplings. 29 It is of interest to analyze the trends in the intramultiplet mixing rates when passing from oxygen to the heavier sulfur atom. In addition, the rate constants calculated here for the first time may be useful for kinetic models of energy transfer and reactions involving sulfur atoms.
The calculations are performed using rigorous quantum mechanical close coupling ͑CC͒ technique 56,57 as described elsewhere. 29, 30 The model with a constant spin-orbit coupling parameterized by experimental values of the splitting between the sublevels of the S atom ͑Sec. II C͒ is implemented, except for test calculations for XeϩS collisions where the ab initio R-dependent spin-orbit couplings are used. The inelastic cross sections for all three relaxation transitions are calculated on an energy grid of more than 100 points and the corresponding rate constants in the temperature range 20-2000 K are obtained by numerical integration. The rate constant values are converged to within 1% at T ϭ100-1500 K and 5% at higher temperatures. The lowenergy collisions are affected by numerous shape resonances so a finer energy grid is implemented to evaluate the rate constants at TϽ100 K with an accuracy better than 20%. Table III lists the rate constants for spin-orbit relaxation at room temperature in RgϩS collisions in comparison with the data on the RgϩO collisions 30 calculated for the scattering 6 and ab initio potentials, which were obtained using similar procedures as the RgS potentials discussed here. For brevity of the presentation we do not include rate constants at other temperatures in this article, but they may be obtained upon request from the authors.
The rate constants for RgϩS collisions calculated on the scattering and ab initio potentials agree well with each other. The ratio of the rate constants obtained on the different potentials does not exceed a factor of 2 in the worst case. The cross sections for two allowed transitions in NeϩS collisions calculated on two different ab initio potentials are in excellent agreement with each other. The deviation between the values calculated with the two potentials does not exceed 5%. The rate constant for the forbidden transition computed on the most accurate ab initio potential is larger than the rate constant computed on the ''standard'' UCCSD͑T͒/VQZϩ332 potential by about 15%. For XeϩS, the rate constants calculated on the ab initio potentials with R-dependent spin-orbit couplings are also presented. They differ from those obtained with the constant atomic spin-orbit couplings by 20%, but more than half of the difference is due to the deviation of the ab initio results for the asymptotic couplings from the experimental ones which introduces the difference in the energies of the j scattering channels.
The collisions with helium atoms are most efficient in inducing inelastic transitions. The efficiency of the allowed jϭ0→ jϭ2 and jϭ1→ jϭ2 transitions is reduced by an order of magnitude for neon and decreases slightly in the sequence from Ar to Xe. The rate of the forbidden jϭ0→ j ϭ1 transition is less sensitive to nature of the collision partner, having the maximum value for He and the minimum value for Ne. All these trends are similar to those observed for the RgϩO collisions. 30 The rate constants of allowed RgϩS transitions are on the average two orders of magnitude smaller than those for the transitions in RgϩO collisions, this being mainly due to the larger spin-orbit splittings ͑the spin-orbit splittings in oxygen atom are ⌬ 1 ϭ158.1 cm Ϫ1 and ⌬ 0 ϭ226.6 cm Ϫ1 , 58 that is Ϸ2.5 times smaller than in sulfur, see above͒. However, the rate constant of the forbidden transition is smaller only by one order of magnitude. As a result, the jϭ0→ j ϭ1 transition is relatively more efficient for sulfur than for oxygen. Indeed, for collisions with RgϭAr-Xe, the transition to the jϭ1 level is a prominent relaxation pathway of S( 3 P 0 ) already at room temperature whereas for oxygen the forbidden transition starts to dominate only in the low temperature limit. 30 According to the time-dependent analysis of the RgϩO inelastic collision dynamics, 29 the first step in the relaxation of O( 3 P 0 ) is the transition to the jϭ2 level which is due to the electrostatic coupling in the Hamiltonian matrix. Postcollision relaxation during the separation of the collision partners is assisted by the Coriolis coupling which couples the ⍀ϭ0 component of the jϭ2 manifold to the ⍀ϭϮ1 components. The latter can relax to the jϭ1 level because of the electrostatic coupling. However, the efficiency of the two transitions induced by electrostatic couplings is two orders of magnitude smaller in sulfur than in oxygen. This means that the Coriolis coupling should be at least an order of magnitude more efficient in sulfur than in oxygen in order to compensate for the difference in the rate of the forbidden transition, despite the unfavorable mass ratio. Figure 8 , which compares the state-resolved opacity functions for Xe . Solid curves, jϭ0→ jϭ2 transition; dashed curves, jϭ0→ j ϭ1 transition; dotted curves, jϭ1→ jϭ2 transition. Calculated using R-dependent ab initio spin-orbit coupling matrix elements.
ϩO( 3 P 0 ) and XeϩS( 3 P 0 ) collisions, provides an explanation. In the former case, the initial jϭ0, ⍀ϭ0→ jϭ2, ⍀ϭ0 transition takes place efficiently at low values of the total angular momentum J, where the Coriolis coupling between the components of the jϭ2 manifold is not large. For the heavier XeϩS system with stronger interaction, more partial waves contribute to the scattering processes and the initial transition starts at higher J values. The Coriolis coupling which scales as J becomes more efficient in the postcollision relaxation. Interestingly, the difference of the interaction strengths in the RgϩS and RgϩO systems effects the transitions induced by the Coriolis couplings more strongly than the transitions induced by electrostatic couplings.
VI. CONCLUSIONS
The ab initio calculations of the Rg-S interaction potentials in the 3 ⌸ and 3 ⌺-states are performed at the UCCSD͑T͒ level of theory with an extended basis set ͑aug-cc-pVQZ augmented with bond functions͒. The results of the calculations are fit to flexible analytical forms and compared with scattering potentials, obtained by recent experimental studies. 32 The convergence of the ab initio calculations is tested for the NeS system. The saturation of the basis set, a more accurate account for the triple excitation ͑within the UCCSD͓T͔ methodology͒, and the excitations from the core orbitals all act in the same direction, increasing the binding energy and reducing the equilibrium distance for both electronic states. The first factor is found to be most important. These results indicate that the convergence error of the present ab initio calculations does not exceed 10%.
Ab initio calculations of the spin-orbit coupling matrix element between the 3 ⌸, 3 ⌺ Ϫ states of NeS and XeS show that the coupling remains constant and equal to the atomic component down to relatively short internuclear distances. The deviation from the atomic spin-orbit coupling does not effect significantly the scattering dynamics at thermal energies.
A stringent test of the ab initio potentials is provided by comparison with the experimental data of the integral elastic cross sections calculated using these potentials in the laboratory frame. The overall performance of the ab initio potentials is very satisfactory; the quantitative small differences are discussed in order to delineate the quality of the ab initio calculations, and to elucidate the sensitivity of the scattering cross sections to specific features of the interaction potentials.
Cross sections and rate constants for inelastic intramultiplet transitions in the S( 3 P j )ϩRg collisions are computed using close-coupling technique. The reasonable agreement of the results obtained with ab initio and scattering potentials indicates the reliability of theoretical estimations for rate constants. It is shown that in contrast to OϩRg collisions, the ''forbidden'' Coriolis-assisted jϭ0→ jϭ1 transition has a relatively large probability due to contribution from the scattering partial waves with high angular momentum, for which Coriolis coupling is very efficient.
